We examined the effect of ventilation strategy on lung inflammatory mediators in the presence and absence of a preexisting inflammatory stimulus. 55 Sprague-Dawley rats were randomized to either intravenous saline or lipopolysaccharide (LPS). After 50 min of spontaneous respiration, the lungs were excised and randomized to 2 h of ventilation with one of four strategies: ( a) control ( 
Introduction
Over the past 30-40 years, mechanical ventilation has become an indispensable therapeutic modality for the treatment of respiratory failure. However, soon after its inception, it became apparent that mechanical ventilation per se could lead to a number of serious complications, including initiation or exacerbation of underlying lung injury. Research over the past two decades has focused primarily on the mechanical forces (i.e., pressures and volumes) producing ventilator-induced lung injury (1, 2) . Despite intense research and a number of innovations in ventilatory therapy aimed at minimizing such injury, however, the morbidity and mortality of acute respiratory failure remains high (3) , and ventilator-induced lung injury remains a significant problem in the care of critically ill patients (4) . In patients developing adult respiratory distress syndrome (ARDS), 1 only a small percentage go on to die of respiratory failure (3) . Lung injury, rather, appears to predispose patients to the development of a systemic inflammatory response that culminates in multiple organ dysfunction syndrome (MODS) and death (3, 5) .
One possible explanation for this observation is that mechanical ventilation (invariably used in ARDS) serves to initiate and/or potentiate an inflammatory response in the lung that in turn propagates a vicious cycle of inflammation leading to tissue injury locally, and possibly systemically. Although no studies to date have addressed whether mechanical ventilation per se is capable of altering lung cellular function leading to production of inflammatory mediators and lung injury, there is some evidence in the literature to support the plausibility of this postulate. Clinical studies of patients developing ARDS have noted an association between lung inflammatory mediators and the development of physiologic abnormalities (6) (7) (8) .
Studies in a rabbit model of ARDS have found that conventional mechanical ventilation as opposed to high frequency oscillatory ventilation led to increased neutrophil infiltration and activation, as well as increased lung lavage levels of plateletactivating factor and thromboxane-B 2 (9) (10) (11) . Concurrent with these physiological studies, research over the past decade has shown that mechanotransduction (i.e., the conversion of a mechanical stimulus such as cell deformation into biochemical and molecular alterations) plays a crucial role in determining the structure and function of a number of tissues, including the lung (12) (13) (14) . Studies in vitro and in vivo have found that both the degree and the pattern of mechanical stretch are important in determining cell responses (14, 15) . Given that mechanical ventilation alters both the pattern and magnitude of lung stretch, it is not unreasonable to postulate that alterations in gene expression or cellular metabolism may arise. 1 . Abbreviations used in this paper: ARDS, adult respiratory distress syndrome; bpm, breaths per minute; C, control, HVZP, group ventilated with large tidal volume and zero positive end expiratory pressure; LPS, lungs preexposed to inflammatory stimulus; MODS, multiple organ dysfunction syndrome; MVHP, group ventilated with a moderate tidal volume and high positive end expiratory pressure; MVZP, group with intermediate degree of lung stretch in absence of positive end expiratory pressure; PEEP, positive end expiratory pressure; TLC, total lung capacity; V t , tidal volume.
In this study we examined the hypothesis that particular ventilation strategies of either healthy lungs or lungs preexposed to an inflammatory stimulus (LPS) could lead to changes in the lung inflammatory milieu as assessed by bronchoalveolar lavage levels of inflammatory and anti-inflammatory cytokines. The effect of these ventilation strategies on the activation of lung cells at the transcriptional level was also determined for TNF ␣ and c-fos (a representative immediateearly response gene with a stretch responsive promoter [16] ). Our data support the hypothesis that specific patterns of ventilation per se can produce or magnify the inflammatory response in the lung, and thus suggest a mechanism whereby mechanical ventilation could lead to lung injury, as well as potentially contribute to the development of a systemic inflammatory response.
Methods
Animal model and interventions. The effect of four different ventilatory strategies on the production of inflammatory mediators in ex vivo isolated lungs was studied in the presence or absence of LPSinduced sepsis. 55 male Sprague Dawley rats (Charles River Labs, St. Constant, Quebec, Canada) were randomized in a blinded fashion to receive either 20 mg/kg of Salmonella typhosa lipopolysaccharide (Lot 81H4018; Sigma Chemical Co., St. Louis, MO) or an equivalent volume of normal saline intravenously via the dorsal penile vein under ketamine (75 mg/kg i.p.) and acepromazine (2.5 mg/kg i.p.) anesthesia. After 50 min of spontaneous respiration to allow for development of a septic response, the lungs were excised via a midline sternotomy after induction of anesthesia with sodium pentobarbital (37 mg/kg i.p.) and systemic heparinization (500 IU/kg i.v.). 4 ml of blood were withdrawn from the right ventricle during lung harvest, centrifuged (Hettich Mikroliter D-7200; Diamed Lab Supplies Inc., Mississauga, Ont.) at 4 Њ C, 3,000 g for 10 min, and the serum frozen at Ϫ 70 Њ C for subsequent determination of baseline levels of circulating cytokines. The excised lungs were placed in a 37 Њ C humidified chamber, and airway pressures were transduced (HP 45 transducer; Validyne Engineering Corp., Northridge, CA) and recorded (Gould ES 1,000 recorder; Gould Inc., Cleveland, OH) over the ventilation period. Before initiating ventilation, the lungs were inflated twice to total lung capacity (TLC, defined as a transpulmonary pressure of 25 cm H 2 O), followed by determination of static pressure-volume curves, by stepwise injections/withdrawals of 0.5 to 1 cm 3 aliquots of air to a transpulmonary pressure of 25 cm H 2 O.
The lungs were then randomized to one of four ventilatory strategies, applied using a small animal, volume cycled ventilator (Harvard Rodent Ventilator, Model 683; Harvard Apparatus, South Natick, MA). Controls (C) received a relatively noninjurious ventilatory strategy consisting of 3 cm H 2 O positive end expiratory pressure (PEEP), a tidal volume (V t ) of 7 cm 3 /kg, and a respiratory rate of 40 breaths per minute (bpm) with room air. To assess the effect of lung overdistention in the presence or absence of PEEP, we included a group ventilated with a large tidal volume with zero PEEP (HVZP: V t ϭ 40 cm Upon completion of 2 h of ex vivo ventilation, static lung compliance curves were determined again as described above. The left lung was then lavaged three times using 2-ml aliquots of normal saline. The effluents were pooled, centrifuged (model TJ-6; Beckman Instruments, Inc., Palo Alto, CA) at 2,000 rpm for 10 min, and the supernatants frozen at Ϫ 70 Њ C. The left lung was excised, snap-frozen, and stored at Ϫ 70 Њ C for tissue RNA extraction.
Following analysis of the data, the above experimental protocol was repeated using 24 non-septic rats randomized to one of the four ventilatory strategies, with a gas mixture of room air supplemented with 5% CO 2 . This was done in order to determine the effect of cellular alkalosis, secondary to the different ventilatory strategies, on our results.
All animals received humane care in compliance with the Principles of Laboratory Animal Care formulated by the Institute of Laboratory Animal Resources, the Guide for the Care and Use of Laboratory Animals published by the National Institute of Health (NIH Publication 86- 23, 1985) , and the Guide to the Care and Use of Experimental Animals formulated by the Canadian Council of Animal Care (CCAC 2nd Ed. 1993).
Cytokine ELISAs and lung lavage total protein concentration. Cytokine analysis on the serum (TNF-␣ , IL-1 ␤ ) and lavage fluid (TNF-␣ , IL-1 ␤ , IL-6, IL-10, IFN ␥ , MIP-2) was carried out in duplicate in a blinded fashion using commercially available ELISA kits (Biosource Int'l., Camarillo, CA). The lower detection limit for these kits is 4, 7, 8, 13, 13, and 1 pg/ml respectively. Three of these kits were specific for rat (TNF ␣ , IFN ␥ , MIP2), while the remaining three were murine kits with cross-reactivity with the comparable rat cytokine. The absorbance of each well was read at 450 nm with a MR600 microplate reader (Dynatech Laboratories, Chantilly, VA). Background absorbency of blank wells was subtracted from the standards and unknowns prior to determination of sample concentrations.
Total protein concentration in each of the lung lavage specimens was determined in duplicate as per the protocol for the Coomassie Protein Assay (Pierce, Rockford, IL), using bovine serum albumin to construct the standard curve.
Northern blot analysis. Total cellular RNA was extracted from frozen lung tissue using guanidine isothiocyanate as previously described (17) . Aliquots of RNA were size-fractionated by 1.5% agaroseformaldehyde gel electrophoresis, transferred to Hybond-N membranes (Amersham Canada Ltd., Oakville, Ont.) and hybridized with [ Statistical analysis and exclusion criteria. Data were analyzed by PC computer using SigmaStat for Windows, Version 1.0 (Jandel Corporation, San Rafael, CA). The sample size was determined (based on preliminary experiments) to be 48 animals ( n ϭ 6 per group) in order to detect a difference in cytokine concentration of 0.50, an estimated standard deviation of 0.20, a power of 0.80, and an ␣ value of 0.05. Exclusion criteria included development of significant airleaks (such that comparable lung distention could not be attained), or death before lung harvest. All exclusions were replaced in the randomization process. Comparison of groups for effect of ventilation strategy and LPS was carried out using two-way analyses of variance with the Student-Newman-Keuls correction for multiple comparisons as appropriate (18) . Analysis of shifts in compliance curves was performed using paired t tests (18) . Significance was set at P Յ 0.05. Results are presented graphically as mean with standard deviation bars.
Results
Seven experiments were excluded due to the development of significant air leaks following initiation of ventilation (one MVHP, five HVZP) or during lung harvest (one). All excluded experiments were replaced in the randomization pro-cess such that there were six animals per group in the final analysis.
There were no significant differences among study groups with respect to rat weight (407 Ϯ 41 g). 50 min after intravenous LPS, all rats had significantly elevated serum TNF ␣ concentrations (7050 Ϯ 2848 pg/ml) as compared to those receiving saline (54 Ϯ 37 pg/ml, P Ͻ 0.0001). No significant differences in baseline serum TNF ␣ were found among the four ventilation strategies for either saline-or LPS-treated animals. Serum IL-1 ␤ was not detectable at the time of lung harvest in any group.
LPS pretreatment did not significantly alter peak airway pressures as compared to the saline-treated animals randomized to the same ventilation strategy (Table I) . Likewise, no significant changes in peak airway pressures occurred over the ventilation period. The lowest airway pressures were observed in the control group (C). The peak airway pressures for the two ventilatory strategies with comparable end-inspiratory lung volumes (MVHP, HVZP), were not significantly different.
Static pressure volume curves for each study group prior to and following the period of ex vivo ventilation are shown in Fig. 1 . No shift in the curves was seen in the high PEEP group (MVHP). A small but insignificant shift to the right was observed in the control lungs (C). However, in the absence of PEEP, a significant reduction in lung compliance developed following 2 h of ventilation ( P Ͻ 0.0005 for MVZP and HVZP).
The volume of lung lavage returns for the ventilatory strat- egies were similar (Table II) . Highest total protein concentrations were found in the HVZP lung lavage for all treatment strategies, with lowest total protein concentrations in the lavage of those lungs subjected to control ventilation (Table II) . Within ventilatory strategies, there were no significant differences in lung lavage protein concentration (aside from an increased protein concentration in the LPS-treated HVZP group, as compared to the saline-treated HVZP group). were found in the control lungs (C), and the highest levels in the high volume zero PEEP group (HVZP). Levels of the antiinflammatory cytokine IL-10 paralleled the increases seen in the inflammatory cytokines.
The absolute concentrations for the lavage cytokines in the animals treated with LPS are shown in Fig. 3 . The effect of ventilatory strategy in the LPS groups on lung lavage cytokines was comparable to that observed in saline-treated animals with two notable exceptions. First, at the time point assessed (i.e., 3 h from injection of LPS), LPS caused a significant increase in both TNF␣ and MIP-2. This is illustrated in Fig. 4 , which depicts the increase in cytokine levels for each strategy relative to the cytokine levels in the saline-treated control groups. For TNF␣, the increase with LPS was observed in three of the four ventilatory strategies (C, MVHP, MVZP). LPS treatment did not produce a further significant increase in production of TNF␣ protein for the ventilatory strategy with the maximal effect on cytokine levels (HVZP). Second, MIP-2 in the LPS-treated control lungs (C) was markedly increased, and had levels comparable to those of MVZP, and significantly greater than those with MVHP ventilation (P Ͻ 0.05).
At the transcriptional level, similar to the increases observed in the levels of lavage cytokines, c-fos mRNA was found to increase with the different ventilatory strategies (Fig.  5) . LPS did not have a significant effect on c-fos mRNA levels. TNF␣ mRNA in the saline-treated animals was found to increase with three of the ventilatory strategies as compared to the controls (Fig. 6) . The increase, however, was less than that Figure 4 . Ratio of study group BAL cytokine concentrations relative to saline-treated controls. LPS () pretreatment resulted in significantly increased levels of TNF␣ for three of the ventilatory strategies (i.e., an approximately 5-fold increase for C, an approximately 30-fold increase for MVHP, and an approximately 37-fold increase for MVZP) as compared to saline-treated (O) controls. LPS also increased levels of MIP-2 for all four ventilatory strategies, whereas no significant changes were seen with the other four cytokines assessed. As IL-6 and IFN␥ were undetectable in saline-treated controls, an arbitrary value of 1 was assigned to allow comparison. *P Ͻ 0.05 vs. saline treated group. observed in TNF␣ protein (i.e., saline-treated HVZP vs. control: ഠ 3.5-fold increase in mRNA versus ഠ 56-fold increase in protein). In contrast to c-fos, LPS resulted in a further significant increase in TNF␣ mRNA for three of the four ventilation strategies (C, MVHP, MVZP). However, in the HVZP groups, LPS did not further increase either TNF␣ protein or mRNA.
Assessment of IL-1␤ by ELISA in the lung lavage of nonseptic lungs (ventilated with room air supplemented with 5% CO 2 ) revealed a similar trend to that observed with room air alone (HVZP Ͼ MVZP Ͼ MVHP ഠ C; P Ͻ 0.05). There were no significant differences in absolute concentrations of IL-1␤ as compared to room air alone, except for a lower value in the HVZP group (524Ϯ304.3 pg/ml). The increase relative to the Control ventilation group, however, was similar (26.9-fold with 5% CO 2 vs. 24.5-fold). By Northern analysis, levels of mRNA for TNF␣ were not significantly different for the lavaged (left) versus the unlavaged (right) lung.
Discussion
In this study, the effect of mechanical ventilation on production of various inflammatory and anti-inflammatory mediators in the lung was assessed both in the presence and absence of LPS-induced sepsis. Different levels of lung lavage cytokines, as well as differential tissue expression of an immediate early response gene (c-fos), were observed with the various ventilation strategies. Our findings support the concept that mechanical ventilation can have a significant influence on the inflammatory/anti-inflammatory milieu of the normal or septic lung, and thus may play a role in either initiating or propagating a local as well as a systemic inflammatory response.
Over the past 20 yr we have developed an increased appreciation that mechanical ventilation per se can initiate or augment lung injury (2, 19) . Histologically, lung injury similar to that seen with ARDS has been found in lungs from various species ventilated with extremes of volumes or pressures (2) . In response, a number of ventilatory strategies have been proposed in an attempt to minimize iatrogenic injury (4) . Gains in survival of patients developing acute respiratory distress syndrome, however, remain disappointing (3). It appears that ARDS is often the forerunner of a systemic inflammatory response that culminates in multiple organ dysfunction syndrome (MODS) and death (3, 5) . One hypothesis to explain this observation is that mechanical ventilation serves to initiate and/or potentiate an inflammatory response in the lung that acts as a nidus for the development of a systemic inflammatory response.
Although no studies to date have addressed whether mechanical ventilation per se can lead to changes in production of inflammatory mediators, several studies lend support to the plausibility of this postulate. In a surfactant-deficient model of the respiratory distress syndrome, Kawano et al. found that a number of structural changes (i.e., increased lung permeability, development of hyaline membranes) originally attributed to physical disruption by conventional mechanical ventilation were in fact mediated by activated granulocytes (9) . Using a similar model, Imai et al. found less platelet-activating factor and thromboxane-B 2 in lung lavage fluid and less lung injury with high frequency oscillatory ventilation as opposed to pressure control ventilation (10). Concurrently, research in mechanotransduction has revealed that physical forces play a pivotal role in cell function. In the lung, cell stretch has been found to be important in lung growth and development (12, 14) as well as surfactant production (13). Among the proposed mechanisms by which cellular deformation is converted into changes in cell phenotype or metabolism are (a) direct conformational changes in membrane-associated molecules leading to activation of downstream messenger systems, (b) activation or inactivation of stretch-sensitive ion channels, and/or (c) release of paracrine or autocrine factors (20, 21) . As both the degree and pattern of mechanical stimuli have been shown to be important, it is reasonable to postulate that mechanical ventilation may lead to alterations in gene expression or cellular metabolism that contribute to the development of lung injury (14, 15) .
Given that we wished to look at the response of the lung to different ventilatory strategies independent of changes in cardiac output caused by the different ventilatory patterns and independent of influx of cytokines from the systemic circulation, an ex vivo non-perfused lung model was used. This model does have its limitations. Tissue responses to stress may not be identical to those seen in vivo, and a priming effect of ischemia on lung expression of various mediators cannot be ruled out. However, all study groups were exposed to the same 2 h period of nonperfusion, which is within the known limits of lung viability (22) (23) (24) .
Since end inspiratory lung volume and level of PEEP had been shown in previous studies to correlate with development of ventilator-induced injury, two lung overdistention strategies with identical end-inspiratory volumes but different levels of PEEP were assessed (MVHP, HVZP). Although large, these volumes likely produced overdistention similar in magnitude to the regional overdistention observed in patients with lung injury. Gattinoni et al. have demonstrated that patients with early ARDS have collapsed dependent lung regions (25) . As such, the delivered tidal volume predominantly ventilates the reduced aerated portion of the lung, causing overdistention of these alveolar units (26) . To assess the relative importance of lung stretch and PEEP, we also studied an intermediate lung distention strategy (MVZP), and a low distention non-injurious control strategy (C).
Lung lavage levels of cytokines were examined, as they have been shown to be key modulators of injury and inflammation. Supplementation (or blocking) of various inflammatory cytokines has been found to induce (or abrogate) lung injury (27-30). In light of the complexity and redundancy of the cytokine network, however, caution must be used in interpreting changes of individual cytokines (31) (32) (33) . As such, we looked at levels of a number of key inflammatory (TNF␣, IL-1␤, IL-6, IFN␥), chemotactic (MIP-2), and anti-inflammatory (IL-10) cytokines (31) (32) (33) (34) (35) (36) . We chose a single time point at which detection of increased expression of both cytokine protein and mRNA would be expected for the majority of these mediators. Although this reduces our ability to draw conclusions about the order of induction of the various cytokines, it does provide a cross-sectional analysis of the early inflammatory response to a number of different ventilatory strategies.
A novel finding was the differential expression of lung lavage cytokines in response to various ventilatory strategies. For lungs randomized to intravenous saline, a similar effect on lung lavage cytokines was seen for all six cytokines assessed (Fig. 2) . The highest levels of inflammatory mediators were seen in those ventilatory strategies with no positive end expiratory pressure (MVZP Ͻ HVZP). These groups were also found to develop significant reductions in lung compliance (Fig. 1) . Taken together, these findings offer a possible explanation for the observation in previous studies that mechanical ventilation strategies that allow repetitive lung collapse lead to increased neutrophil infiltration and surfactant inactivation (9, 10, 37). Inflammatory cytokines have been shown to inhibit surfactant synthesis and adsorption (38) (39) (40) . Elevated BAL levels of chemokines such as MIP-2 are known as well to result in increased infiltration of activated inflammatory cells, which in turn can further disrupt surfactant function. Although our model was nonperfused, it is known that even in lungs perfused with physiologic salt solutions for several hours, a significant number of leukocytes are retained (41) .
Surfactant inactivation may have also developed in these two zero PEEP groups secondary to repetitive compression and reexpansion of the surfactant film, as well as squeezing of surfactant out of the alveoli with recurrent alveolar collapse (37) . As surfactant has been shown to modulate secretion of cytokines and activity of a number of cells involved in the inflammatory cascade (42, 43) , a reduction of functional surfactant may have been responsible in part for the increased levels of lung lavage cytokines seen with the MVZP and HVZP ventilation strategies.
Acting in conjunction with the above, structural injury as a result of the shear forces generated by the repetitive opening and closing of distal small airways in the absence of PEEP may have contributed to the production of inflammatory mediators (37, 44, 45) . This latter mechanism may account for the magnitude of the synergistic effect of large tidal volume and zero PEEP (e.g., 56-fold increase in HVZP lavage TNF␣ vs. control) as compared to either similar end-inspiratory stretch (MVHP, 3-fold increase in TNF␣ vs. control) or a lesser degree of stretch in the absence of PEEP (MVZP, 6-fold increase in TNF␣ vs. control).
The minimal increase in cytokines we found with MVHP ventilation does not contradict prior studies implicating endinspiratory lung volume as a major factor in the development of lung injury. In vivo ventilation with high volumes leads to a number of systemic and hemodynamic effects that can contribute to the pathogenesis of lung injury (19) . In addition, at high lung volumes in vivo extravasation of intravascular cells and fluid may occur as a result of stress failure of pulmonary capillaries (1). Indeed, even in our ex vivo model we found an increase in lung lavage total protein with all three injurious ventilatory strategies as compared to control ventilation. Miles et al. reported a similar finding in excised lungs ventilated at different temperatures (46) . Given that Mathieu-Costello found comparable increases in the number of ultrastructural breaks in the alveolar-capillary membrane for equivalent increases in either transpulmonary pressure or capillary transmural pressure (47), influx of retained plasma proteins may have been responsible in part for the observed increases in lavage proteins. Inflammatory proteins (e.g., cytokines, complement, proteases) and release of matrix or intracellular proteins secondary to lung injury likely also contributed. Whether the lavage proteins played a role in the increased production/release of cytokines, or occurred in response to the inflammatory cytokines and lung injury, requires further investigation.
To investigate whether the changes in cytokines were due to differences in intracellular pH as a result of the various ventilation strategies, we repeated analysis of lung lavage levels of IL-1␤ from lungs ventilated with room air supplemented with 5% CO 2 . Similar increases in IL-1␤ as compared to ventilation with room air, were found. Thus, loss of intracellular CO 2 was not the principle mechanism responsible for the changes in mediators we observed.
As underlying lung inflammation is thought to sensitize the lung to further injury by mechanical ventilation (48) , the effect of intravenous LPS an hour before randomization in each of the four ventilatory strategies was also assessed. Based on circulating blood TNF␣ concentrations prior to lung harvest, a systemic inflammatory response was indeed present in all the LPS-treated rats. The resultant lung lavage cytokine profiles, however, were not significantly changed as compared to the saline-treated animals, with the exception of TNF␣ and MIP-2. This may be due to the timepoint at which we sampled the lung lavage, as transcripts for TNF␣ and MIP-2 have been shown to peak early (i.e., ഠ 1 h) after LPS exposure, whereas IL-1␤ and IL-6 have been shown to peak at approximately 6 h (49). It is noteworthy, however, that mechanical ventilation for 2 hours was found to induce changes in even these later response cytokines. This suggests that the mechanisms by which each stimulus (i.e., ventilation vs. LPS) leads to cytokine expression are quite distinct.
At the transcriptional level, TNF␣ mRNA increased with 3 of the ventilatory strategies (MVHP, MVZP, HVZP) in the saline-treated animals. The effect of ventilation strategy on mRNA, however, was much less than that observed at the protein level (e.g., saline-treated HVZP vs. control: ഠ 3.5-fold increase in mRNA versus ഠ 56-fold increase in protein). This is consistent with prior studies demonstrating that TNF␣ expression is primarily regulated posttranscriptionally (31, 50) . LPS resulted in a further increase in TNF␣ mRNA for the C, MVHP, and MVZP groups, but no further increase was found with HVZP ventilation for either TNF␣ protein or mRNA. In light of the high levels of TNF␣ protein found in the lung lavage fluid, it may be that any further increase in TNF␣ was limited by substrate availability. Alternatively, lung lavage TNF␣ may have peaked earlier as a result of the combined effect of LPS and HVZP ventilation, or increased release and activation of proteases and RNases in this group may have resulted in increased RNA and protein degradation.
For c-fos, a similar effect of ventilation strategy on mRNA level was seen as that observed for the cytokine levels in the lung lavage (Fig. 4) . We chose to examine c-fos, as it is induced as one of the earliest nuclear responses of many cell types following a variety of stimuli (51) . In addition, c-fos has a stretchresponsive promoter element, and has been used as a nuclear marker of transcription in a number of mechanotransduction studies (51) (52) (53) . Fos transcription factors also play an important role in mediating gene transcription and a number of cytokine responses (54) (55) (56) . As all three of the higher volume ventilatory strategies had increased levels of c-fos as compared to the controls, cell stretch may have played a role in induction of c-fos transcription in our model. However, significantly higher levels of c-fos were seen in the HVZP as opposed to the MVHP group at the same degree of end-inspiratory lung stretch. Thus, other nonspecific stimuli such as cell injury (54) (or pattern of cell stretch [14, 15] ) were also involved in c-fos induction.
Further studies are necessary to determine the cell types responsible for the observed changes in protein and mRNA in response to ventilatory strategy. Intraalveolar macrophages are prime candidates, as they have been shown to be capable of producing a number of cytokines (57, 58) . However, given that we found no difference in TNF␣ mRNA in homogenates of lungs lavaged versus non-lavaged, alveolar macrophages (or at least those removed by lung lavage), are not the sole cells involved. There is some evidence from the literature that type II pneumocytes may play a pivotal role in cytokine networking within the lung (59, 60) . In vivo intravascular cells likely make a significant contribution to the inflammatory milieu as well. Since microscopically, the distribution of ventilator-associated lung injury (airway vs. alveolar) has been found to vary depending on the ventilation parameters used (e.g., level of PEEP) (37, 61) , the various cells involved in mediator release will probably also depend on the particular ventilation strategy used.
Irrespective of the specific mechanism (i.e., cell stretch, reduced surfactant, structural injury, or multifactorial), the observation that mechanical ventilation per se can alter lung cytokines and gene expression has several implications. First, this may explain the observation that many patients with ARDS go on to develop and die from multiple organ dysfunction syndrome, rather than from their underlying lung disease. Perhaps mechanical ventilation initiates a local inflammatory reaction with release of cytokines. As compartmentalization of alveolar cytokines can be lost in injured lungs, systemic release may occur leading to initiation or propagation of a systemic inflammatory response (62, 63) . Second, to a large extent, current approaches for preventing ventilator-induced lung injury have focused on minimizing fraction of inspired oxygen, and manipulating ventilator parameters to limit lung stretch. Despite this, ventilator-induced lung injury remains a significant problem in the care of critically ill patients (4). The present study suggests a novel mechanism of injury: although the inciting factor may be mechanical, it is but the first step in the initiation of a number of cellular responses leading to lung injury. If correct, this could lead to a paradigm shift in which therapies to prevent ventilator-induced lung injury are based not only on manipulating pressures or volumes in the lung, but also on interventions that are not mechanically based. Further studies are needed to clarify the specific cellular mechanisms involved to design novel therapies to down-regulate or up-regulate various members of the inflammatory/anti-inflammatory cascade.
